The dates of receipt and acceptance should be inserted later Key words stars: low-mass, brown dwarfs -planetary systems -magnetic fields Bow shocks can be formed around planets due to their interaction with the coronal medium of the host stars. The net velocity of the particles impacting on the planet determines the orientation of the shock. At the Earth's orbit, the (mainly radial) solar wind is primarily responsible for the formation of a shock facing towards the Sun. However, for close-in planets that possess high Keplerian velocities and are frequently located at regions where the host star's wind is still accelerating, a shock may develop ahead of the planet. If the compressed material is able to absorb stellar radiation, then the signature of bow shocks may be observed during transits. Bow-shock models have been investigated in a series of papers (Llama et al., 2011; Vidotto et al., 2010 Vidotto et al., , 2011a for known transiting systems. Once the signature of a bow-shock is observed, one can infer the magnetic field intensity of the transiting planet. Here, we investigate the potential to use this model to detect magnetic fields of (hypothetical) planets orbiting inside the habitable zone of M-dwarf stars. For these cases, we show, by means of radiative transfer simulations, that the detection of bow-shocks of planets surrounding M-dwarf stars may be more difficult than for the case of close-in giant planets orbiting solar-type stars.
Introduction
The interaction of a planet with the corona of its host star can give rise to the formation of shocks that surround the planet's magnetosphere. Similar to what occurs around the Earth and other planets in the solar system, bow-shocks may develop around exoplanets. This idea had recently been applied to explain the lightcurve asymmetry observed in the near-UV transit of the close-in giant planet WASP-12b. Fossati et al. (2010b) observed that the near-UV transit lightcurve of WASP-12b shows an early ingress when compared to its optical transit. Such observations indicate the presence of asymmetries in the exosphere of the planet. In particular, Vidotto et al. (2010) suggested that this asymmetry could be explained by the presence of a shock surrounding the planet's magnetosphere.
To test this idea, Llama et al. (2011) performed Monte Carlo radiation transfer simulations of the near-UV transit of WASP-12b. Their results support the hypothesis proposed by Vidotto et al. (2010) as it explains both the observed level of absorption and the time of the (early) ingress observed in the near-UV lightcurve of the planet.
An interesting outcome of this model is that one can probe the presence of planetary magnetic fields. Magnetic fields may provide an import shield against erosion caused by the impacting particles from the stellar wind. In the Earth, the presence of a magnetic field is associated with the development of life. M-dwarf stars are currently the main targets in searches for terrestrial habitable planets. Therefore, it is interesting to analyse whether shocks could be The present paper is organised as follows. Section 2 summarizes the general characteristic of the bow-shock model that was initially developed for the case of WASP12b. We also provide an overview of the results obtained through radiative transfer simulations, and discuss how this model could be useful to probe for planetary magnetic fields in other extra-solar planets. In Section 3, we investigate the potential for detecting bow shocks surrounding the magnetospheres of hypothetical transiting planets orbiting inside the habitable zones of M-dwarf stars. Section 4 presents our conclusions.
The Shock Model
A bow shock around a planet is formed when the relative motion between the planet and the stellar corona/wind is supersonic. The shock configuration depends on the direction of the flux of particles that arrives at the planet. We illustrate two different limits of the shock configuration in Fig. 1 , where θ is the deflection angle between the azimuthal direction of the planetary motion and n is a vector that defines the outward direction of the shock. As seen from the planet, −n is the velocity of the impacting material.
The first shock limit, a "dayside-shock", occurs when the dominant flux of particles impacting on the planet arises from the (mainly radial) wind of its host star. For instance, the impact of the supersonic solar wind forms a bow shock at the dayside of Earth's magnetosphere (i.e., at the side that 
Arrows radially leaving the star depict the stellar wind, dashed semi-circles represent the orbital path, θ is the deflection angle between the shock normal n and the relative azimuthal velocity of the planet ∆u. Adapted from Vidotto et al. (2010) . faces the Sun). This condition is illustrated in Fig. 1a and is met when
where u r and c s are the local radial stellar wind velocity and sound speed, respectively. A second shock limit, an "ahead-shock" (Fig. 1b) , occurs when the dominant flux of particles impacting on the planet arises from the relative azimuthal velocity between the planetary orbital motion and the ambient plasma. This condition is especially important when the planet orbits at a close distance to the star, and therefore, possesses a high Keplerian velocity u K . In this case, the velocity of the particles that the planet "sees" is supersonic if
where u ϕ is the azimuthal velocity of the stellar corona. As we show later on Section 3, planets orbiting in the habitable zones of M-dwarf stars fall into an intermediate case, where both the wind and the azimuthal relative velocities will contribute to the formation of a shock around the planet.
Near-UV Early Ingress of WASP-12b
Motivated by observations made with the HST (Fossati et al., 2010b) , which showed that in the near-UV, the transit of WASP-12b starts earlier than in the optical wavelengths, we applied the model presented in Section 2 to the particular case of WASP-12b (Vidotto et al., 2010) .
WASP-12b orbits a late-F main-sequence star with mass M * = 1.35 M ⊙ and radius R * = 1.57 R ⊙ , at an orbital radius of a = 3.15 R * (Hebb et al., 2009 ). Due to its close proximity to the star, the flux of coronal particles impacting on the planet should come mainly from the azimuthal direction, as the planet moves at a Keplerian orbital velocity of u K = (GM * /a) 1/2 ∼ 230 km s −1 around the star. Therefore, stellar coronal material is compressed ahead of the planetary orbital motion, possibly forming a bow shock ahead of the planet. Vidotto et al. (2010) 's suggestion is that this material is able to absorb enough stellar radiation, causing the early-ingress observed in the near-UV light curve (see Figure 2) . By measuring the phases at which the near-UV and the optical transits begin, one can derived the stand-off distance from the shock to the centre of the planet. In the geometrical consideration made next, we assume that the planet is fully superimposed on the disk of the central star, which is a good approximation for, e.g., small planets and transits with small impact parameters. Consider the sketches presented in Fig. 2 , where d op and d UV are, respectively, the sky-projected distances that the planet (optical) and the system planet+magnetosphere (near-UV) travel from the beginning of the transit until the middle of the optical transit
and
where b is the impact parameter derived from transit observations, R p is the planetary radius, and r M is the distance from the shock nose to the center of the planet. The start of the optical transit occurs at phase φ 1 (point 1 in Fig. 2a ), while the near-UV transit starts at phase φ 1 ′ (point 1 ′ in Fig. 2b ). Taking the mid-transit phase at φ = φ m ≡ 1, we note that d op is proportional to (1 − φ 1 ), while d UV is proportional to (1 − φ 1 ′ ). Using Equations (3) and (4), the stand-off distance r M is derived from observed quantities
We assume the stand-off distance to trace the extent of the planetary magnetosphere. At the magnetopause, pressure balance between the coronal total pressure and the planet total pressure requires that
where ρ c , p c and B c (a) are the local coronal mass density, thermal pressure, and magnetic field intensity, and p p and B p (r M ) are the planet thermal pressure and magnetic field intensity at r M . In the case of a magnetised planet, the planet total pressure is usually dominated by the contribution caused by the planetary magnetic field (i.e., p p ∼ 0). Vidotto et al. (2010) showed that, because WASP-12b is at a close distance to the star, the kinetic term of the coronal plasma may be neglected in Eq. (6). They also neglected the thermal pressure, so that Eq. (6) reduces to B c (a) ≃ B p (r M ). Further assuming that stellar and planetary magnetic fields are dipolar, we have
where B * and B p are the magnetic field intensities at the stellar and planetary surfaces, respectively. Therefore, by determining the phase at which the near-UV transit begins, one can derive the stand-off distance (Eq. 5) and then estimate the intensity of the magnetic field of the planet (Eq. 7), provided that the stellar magnetic field is known.
For WASP-12, we use the upper limit of B * < 10 G (Fossati et al., 2010a) and the stand-off distance obtained from the near-UV transit observation r M = 4.2 R p (Lai et al., 2010), and we predict a planetary magnetic field of B p < 24 G for WASP-12b.
Radiation Transfer Simulations of the near-UV transit
In order to test the hypothesis of the bow-shock model was indeed able to cause the lightcurve asymmetry observed in WASP-12b, Llama et al. (2011) performed Monte Carlo radiation transfer simulations of the near-UV transit of WASP-12b. The characteristics of the stellar coronal plasma (density, velocity and temperature), modelled by Vidotto et al. (2010) , were adopted in order to derive the density at the shock nose and the angle at which the shock is formed. As in Vidotto et al. (2010) , Llama et al. (2011) assumed a shock in the adiabatic limit where the density behind such a shock increases by a factor of four with respect to the density ahead of the shock (stellar coronal material).
The characteristics of the local plasma surrounding the planet were derived based on simple models that we describe next. Vidotto et al. (2010) adopted two scenarios. The first one considers the corona as a hydrostatic medium, so that it corotates with the star. The other one, considers that the corona is filled with an expanding, isothermal wind. In this case, the wind radial velocity u r is derived from the integration of the differential equation along the radial coordinate r
where G is the gravitational constant. The first prescription adopted has the advantage of having analytical solutions. The latter one, although lacking an analytical expression, can be easily integrated. In the first scenario, there is no radial velocity of the wind plasma, so that the shock forms ahead of the planet, while in the second scenario, the shock forms at an intermediate angle. These angles were used in the simulations of Llama et al. (2011) . To compute the near-UV lightcurve, the characterisation of the three-dimensional geometry of the shock is required. Therefore, two unknowns of the shock geometry, its solid angle and its thickness, had to be specified. In order to tackle the influence of these two parameters, Llama et al. (2011) performed simulations for several shock geometries. As a result, they found that different sets of parameters could produce similar solutions.
To constrain the model parameter, Llama et al. (2011) relied on the information present in the near-UV lightcurve by Fossati et al. (2010b) . By analysing different models that were equally able to provide a good fit to the HST data, they were able to place constraints on 1) the phase of the near-UV ingress (φ 1 ′ ) and 2) the optical depth of the shocked material, related to the extent of the shock and its thickness. From 1), they could constrain the projected stand-off distance as 5.5 R p , slightly larger than the value derived by Lai et al. (2010) and used in Vidotto et al. (2010) . From 2), they showed that the shocked material does not need to have a large optical depth to cause the amount of absorption observed in the near-UV HST lightcurve.
The simulations presented by Llama et al. (2011) support the hypothesis that a bow-shock could generate an early www.an-journal.org ingress of the transit, as the addition of a bow shock breaks the symmetry of the transit lightcurve. Nevertheless, the current data is not yet adequate to fully test this prediction. Near-UV observations of WASP-12b (and other exoplanets, see next are desirable in order to test and constrain the models.
Magnetic Fields in Other Exoplanets
To extend the previous model to other transiting systems, near-UV data must be acquired. Vidotto et al. (2011a) presented a classification of the known transiting systems according to their potential for producing shocks that could cause observable light curve asymmetries. The data used are from the compilation in http://exoplanet.eu (Sept/2010) and the sky-projected stellar rotation velocities v rot sin(i) from Schlaufman (2010), assuming that sin(i) ≃ 1.
Once the conditions for shock formation are met, to be detected, it must compress the local plasma to a density high enough to cause an observable level of optical depth. For a hydrostatic, isothermal corona, the local density at the orbital radius a is
where n 0 is the number density at the base of the corona.
The maximum coronal temperature that could still allow shock formation is such that
where the isothermal sound speed is c s = k B T /m, k B is the Boltzmann constant, and m the particle mass. If we assume that the corona corotates with the star, at the position of the orbital radius of a close-in planet, u ϕ = v rot a/R * . By adopting the maximum temperature that could still allow shock formation, we can obtain a minimum density required for shock formation using Equation (9). Fig. 3 shows this critical density as a function of orbital radius for a range of planets. This result was produced assuming that all stars have a base coronal density equal to that of the Sun (10 8 cm −3 ), which is a reasonable approximation for stars with spectral types similar to that of our Sun. The most promising candidates to present shocks are: WASP19b, WASP-4b, WASP-18b, CoRoT-7b, HAT-P-7b, CoRoT1b, TrES-3, and WASP-5b. Vidotto et al. (2011a) estimated that a lower limit of the stellar coronal density n min ≃ 10 4 cm −3 could still provide detection (dashed line). Taking that into account, we note that a reasonable number of planets should lie above this density-detection threshold, suggesting that a detectable shock might be a common feature surrounding transiting planets. Fig. 3 Predicted coronal density at the orbit of each transit planet known as of Sept/2010, assuming that the stellar magnetic field is strong enough to confine the coronal gas out to the orbit of the planet. The dashed line represents a lower limit for detection of bow shocks. Figure adapted from Vidotto et al. (2011a) stars (∼ 0.06-0.8M ⊙ ) are currently the main targets in searches for terrestrial habitable planets as their low brightness provide good contrast for detection of smaller-radius planets (transit method) and their low masses facilitate detection of lower-mass planets (radial velocity method). These methods favour detection of planets orbiting close to their host star, which in the case of low-mass stars is also the region where the habitable zone (HZ) is located. The concept of habitable zones relies on the location where liquid water may be found, which is essentially determined by the luminosity of the star. Because M-dwarf stars are low-luminosity objects, the habitable zone is believed to lie near the star. The habitable zone for a 0.5M ⊙ star is believed to lie between 0.2 -0.5 AU, while for a 0.1M ⊙ star, it is thought to lie much closer, between 0.02 -0.05 AU (Kasting et al., 1993) .
Shock Formation around Planets Orbiting M-dwarf Stars
However, even if a planet is in the HZ of a low-mass star, the interaction of the planet with the host star's wind may erode its atmosphere, removing an important shield for the creation and development of life. The interaction of a planet with its host star wind can produce a shock surrounding the planet. As presented before, if we are able to detect the stand-off distance between the shock and a planet (e.g., as during near-UV transit observations), we are then able to estimate the planet's magnetic field intensity.
In this section, we calculate the characteristics of the wind of two M-dwarf stars with spectral types M1.5 and M4.0, adopting a thermally driven wind (Equation (8), Parker, 1958) . We assume these winds are isothermal with temperature T = 1 × 10 6 K and their densities are such that their mass-loss rates areṀ = 10 −13 M ⊙ yr −1 . Table 1 shows the characteristics adopted for the star and the planet in our analysis. The top panels in Figure 4 show the wind velocity solution (solid line) and the density profile (dashed line) for the M1.5 case (left) and the M4.0 case (right). 
Deriving the Magnetospheric Characteristics
In the calculations presented next, we assume the planet to be in a circular orbit. We use Equation (6) to derive the planetocentric distance to the magnetopause, such that
where we prescribed the planetary magnetic field topology to be dipolar. The total pressure exerted in the planet due to the coronal wind P eff is
Our wind solutions neglect the presence of the stellar magnetic field (B c = 0). We note that the local (i.e., at r = a) coronal wind velocity u r and density ρ c are obtained from the wind models. In the case of WASP-12b, data allowed us to estimate r M and then derive B p . Here, we take the inverse procedure. The middle panels in Figure 4 shows the magnetospheric size the planets orbiting the M-dwarf stars analysed here would present as a function of orbital radius. We considered two different cases and assumed a planet with a magnetic field similar to Jupiter (B p = 14 G, dashed lines) and with a magnetic field similar to Earth (B p = 1 G, solid lines). For the M1.5 case, a planet orbiting at a = 0.2 AU (in its HZ) would present a magnetospheric size of r M = 12.2R p and 5.1 R p for B p = 1 G and 14 G, respectively. For the M4.0 case, the same hypothetical planet orbiting at a = 0.03 AU (in its HZ) would present r M = 6.7 R p or 2.8 R p for B p = 1 G and 14 G, respectively.
The orientation of the shock normal depends not only on the wind velocity, but also on the Keplerian velocity of the planet and on the azimuthal velocity of the wind. In the Parker wind solution, rotation is neglected. So the cases we study here are valid for slowly rotating stars. This angle is given by
and is θ = 90 o for a dayside-shock and θ = 0 o for an aheadshock (Figure 1 ). The bottom panels in figure 4 shows the shock angle as a function of the orbital radius of a planet. As we can see, the farther out the planet is, the shock tends to approach the dayside-type shock. For a planet at a = 0.2 AU orbiting the M1.5 case, this angle is θ = 82 o , while for a planet at a = 0.2 AU orbiting the M4.0 case, this angle is θ = 71 o . We note that, due to the geometry of the transiting systems, dayside-shocks are more difficult to be detected as, during transit, the planet occults the shock from the observer. Furthermore, this type of shock may not be able to brake the symmetry of the transit lightcurve. Nevertheless, for the hypothetical planet orbiting inside the HZ of the M4.0 star, the angle we found (θ = 71 o ) could still produce an early ingress.
Detecting Bow-Shocks
As discussed in Section 2.3, the density of the shocked material should be high enough as to produce a significant level of absorption for it to be detected. Using the density derived in our wind models, we calculate the density in magnesium assuming the stars have solar metallicity.
1 Because the shock compresses material ahead of the planetary motion, the density of the shocked material increases by a certain factor. For a strong shock in the adiabatic limit, this increase has its maximum value of 4. Using the results for the wind models we derived, we estimate this increase to be of a factor of 3 for both stars analysed here. Therefore, the densities of the shocked material for both cases are shown in Table 1 . As it can be seen, these values are considerably smaller than the value derived for WASP-12b n Mg ∼ 400 cm −3 (Vidotto et al., 2010) , indicating that the detection of bowshocks of planets surrounding M-dwarf stars may be more difficult.
Using radiative transfer simulations similar to the ones presented in Llama et al. (2011) , we computed the lightcurve of a planet orbiting in the HZ of the stars modeled here (values are shown in Table 1 ). With reasonable assumptions for the shock extension and thickness, a bowshock surrounding a 2 R Earth -planet can not be detected, as it does not present a sufficient amount of optical depth that causes a detectable absorption.
It is worth noting that our results depend on the conditions adopted for the wind. For instance, mass-loss rates in M-dwarf stars are poorly constrained. A higher value of mass-loss rate would result in a higher value of the wind density, and therefore increased density in the shocked material that could be detected during transit. To illustrate that, we computed the lightcurve of a 2 R Neptune -planet orbiting a M4.0-star at an orbital radius a = 0.03 AU. We adopted a density for the wind (and for the shock) that is one order of magnitude larger than the one shown in Table 1 , implying that such a star would present a mass-loss rate oḟ M = 10 −12 M ⊙ yr −1 . We assumed that the planetocentric distance to the magnetopause is r M = 5 R p (or equivalently, B p ≃ 18 G), the shock thickness is 1.5 R p and its area lies within a solid angle of ∆θ = 50 o . The shock normal is oriented at θ = 71 o . Figure 5 shows a comparison of two synthetic lightcurves: one case where no bow shock is present (dashed line) and one case with bow shock (solid line). Note that our choice of parameters for the fictitious planet leads to a transit depth of ∼ 5 percent normalised to the out-of-transit flux for the case without a bow shock and a ∼ 7 percent-depth for the case where the bow shock was considered in the simulations. We note that the earlyingress in this case is less-pronounced than in the case of WASP-12b (Llama et al., 2011 Lightcurves of a 2 R Neptune -planet orbiting a M4.0-star at an orbital radius a = 0.03 AU. Dashed line shows the lightcurve produced when no bow-shock surrounds the planet and the solid line is the result when the bow shock is included in the Monte Carlo radiation transfer simulation.
We also note that M dwarf stars can exhibit substantial activity, which can lead to variations in the ambient medium surrounding the planet. In response to these variations, the planet's magnetosphere will adjust itself. Because of that, transit lightcurves in the near-UV can present variability (Vidotto et al., 2011b) .
CONCLUSIONS
In this paper, we investigated the potential for detecting bow shocks surrounding the magnetospheres of transiting planets orbiting inside the habitable zones of M-dwarf stars. The idea that bow shocks may be present around exoplanets have now been developed in a series of papers (Llama et al., 2011; Vidotto et al., 2010 Vidotto et al., , 2011a . Due to the interaction of the planet with the wind of its host star, bow shocks may form surrounding the magnetosphere of planets, and, if observable, the shock can help constrain planetary magnetic fields.
In order to analyse whether shock could be formed on planets orbiting M-dwarf stars, we applied Vidotto et al. (2010) 's model to two hypothetical low-mass stars with spectral types M1.5 and M4.0. Earth-size planets were assumed to orbit inside the habitable zones of their host-stars and the stars were assumed to have a thermally driven-type wind. We showed that shock can be formed surrounding the planetary magnetosphere. For the case of a planet orbiting at 0.2 AU from the M1.5 star, we showed that the shock forms at an angle closer to θ = 90 o , implying that the shock should be occulted from the observer during transit. If this is the case, the presence of the shock may not brake the optical lightcurve symmetry. For the case of a planet orbiting at 0.03 AU from the M4.0 star, the shock forms at a smaller angle θ = 71 o .
However, for the shock to be detected by means of an early-ingress, it has to compress the stellar coronal material to a level of optical depth that can cause enough absorption during transit. For the wind characteristics we assumed, the density we computed in the shocked material does not seem to be significantly high to cause an observable early-ingress in the planet near-UV lightcurve. This result was confirmed by means of radiative transfer simulations. This implies that the method applied to close-in giant planets orbiting solartype stars may not be as useful in detecting magnetic fields of planets orbiting inside the habitable zones of M-dwarf stars. Helling, C.: 2011b, MNRAS 414, 1573 
